global alteration in cerebral blood flow and metabolism.
1 - 8 The search for a reliable, less invasive rat stroke model of temporary regional ischemia has been prompted by the extensive neurochemical data already available in rats, the rising cost of experiments with larger animals, and the limitations of other rodent models of focal cerebral ischemia, such as occlusion of the common carotid artery (CCA) 9 or middle cerebral artery (MCA) 10 in gerbils. A direct microsurgical technique for permanently occluding the MCA through a craniectomy 11 - 13 and an indirect method of producing hemiby guest on October 25, 2011 http://stroke.ahajournals.org/ Downloaded from spheric ischemia and reperfusion 14 in rats have also been described.
We sought to develop a model of reversible regional cerebral ischemia in rats without craniectomy based on advancing an intraluminal suture from the internal carotid artery (ICA) to occlude the origin of the MCA. 13 We also tested the effects of varying suture size, rat weight, and alternative methods of reducing collateral circulation to supplement the effect of MCA occlusion. We describe our preliminary experiments to select the optimal surgical procedure and present the neurologic, electroencephalographic (EEG), and pathologic findings we obtained in confirmatory studies with this preparation.
Materials and Methods
Adult male Sprague-Dawley rats weighing 400-500 g were anesthetized with 80-100 mg/kg i.p. ketamine hydrochloride and 5 mg/kg i.p. acepromazine maleate. A PE-50 catheter was introduced into the femoral artery for continuous monitoring of arterial blood pressure and sampling of blood for analysis of blood gases and hemoglobin concentration. The rats' body temperature was maintained at 37° C with an infrared heat lamp and a heating pad. In one group of rats, monopolar EEG recordings were obtained with transcutaneous needle electrodes placed 3 mm lateral to the sagittal suture in the parietal and frontal regions; a reference electrode was placed adjacent to the nasion. A Neurotrac EEG recorder and spectral analyzer (Interspec, Conshohocken, Pennsylvania) or a Grass Model 79 polygraph (Quincy, Massachusetts) with P511 amplifiers and an A.R. Vetter Co. C-4 tape recorder (Rebersburg, Pennsylvania) were used. The filter band pass settings were 0.3-300 Hz.
The vascular occlusive procedures performed in each of eight groups of rats in the preliminary studies are shown in Table 1 . Groups 6, 7, and 8 were included to control for possible hemodynamically significant effects of occluding the vertebral artery or external carotid artery (ECA).
The basic surgical procedure consisted of blocking blood flow into the MCA with an intraluminal suture introduced through the extracranial ICA. Additional extracranial vessels, including the left ICA, right ECA, and both vertebral arteries, were occluded to reduce collateral blood flow to the MCA territory.
Under the operating microscope, the right CCA was exposed through a midline incision; a selfretaining retractor was positioned between the digastric and sternomastoid muscles, and the omohyoid muscle was divided. The occipital artery branches of the ECA were then isolated and coagulated (Figure 1, left) . Next, the superior thyroid and ascending pharyngeal arteries were dissected and coagulated. The ECA was dissected further distally and coagulated along with the terminal lingual and maxillary artery branches, which were then divided. The ICA was isolated and carefully separated from the adjacent vagus nerve. Further dissection identified the ansa of the glossopharyngeal nerve at the origin of the pterygopalatine artery; this posteriorly directed extracranial branch of the ICA was ligated with 7-0 nylon suture close to its origin. At this point, the ICA is the only remaining extracranial branch of the CCA.
Next, a 6-0 silk suture was tied loosely around the mobilized ECA stump, and a curved microvascular clip was placed across both the CCA and the ICA adjacent to the ECA origin. A 5-cm length of 4-0 monofilament nylon suture, its tip rounded by heating near a flame, was introduced into the ECA lumen through a puncture or through one of the terminal branches of the ECA. (In some smaller rats in the preliminary studies, a 5-0 intraluminal suture was used when initial attempts to advance a 4-0 suture proved unsuccessful.) The silk suture around the ECA stump was tightened around the intraluminal nylon suture to prevent bleeding, and the microvascular clip was removed. The nylon suture was then gently advanced from the ECA to the ICA lumen; the position of the suture within the ICA lumen could be seen as it reached the base of the skull. After a variable length of nylon suture had been inserted into the ECA stump, resistance was felt and a slight curving of the suture or stretching of the ICA was observed, indicating that the blunted tip of the suture had passed the MCA origin and reached the proximal segment of the anterior cerebral artery (ACA), which has a smaller diameter (Figure 1, right) . At this point, the intraluminal suture has blocked the origin of the MCA, occluding all sources of blood flow from the ICA, ACA, and posterior cerebral artery (PCA). The incision was closed, leaving 1 cm of the nylon suture protruding so it could be withdrawn to allow reperfusion. Restoration of MCA blood flow did not require anesthesia. The suture was pulled back until resistance was felt, indicating that the tip had cleared the ACA-ICA lumen and was in the EC A stump, and then trimmed.
FIGURE 1. Left: Diagram of cerebrovascular anatomy in rats illustrates extracranial and intracranial vascular relations exploited in our method of reversible occlusion of middle (Mid.) cerebral artery (a.). Vessel size is disproportionately enlarged for clarity. Cervical dissection is illustrated on the left. Common (Com.), external (Ext.), and internal (Int.) carotid arteries and their
Bilateral vertebral artery occlusion (BVO) was performed using a modification of the technique described by Pulsinelli and Brierley. 16 Under a surgical microscope, the alar foramen was located at the lateral edge of Cl and enlarged with a dental drill. Each vertebral artery and its occipital branch were coagulated with microbipolar cautery forceps and divided.
In a subsequent series of experiments to confirm the optimum surgical technique, 34 younger rats weighing 300-400 g were anesthetized by inhalation of 1% halothane and subjected to one of five procedures (Groups A-E, Table 1 ). The occlusion technique was standardized by advancing a 4-0 suture, which had a rounded, slightly larger tip, exactly 17 mm into the ICA from the origin of the ECA in each rat.
Neurologic examinations were performed every 12 hours in Groups 1-8. In Groups A-E, neurologic examinations were performed 2,4, and 8 hours after the onset of occlusion and then daily until sacrifice. The neurologic findings were scored on a five-point scale: a score of 0 indicated no neurologic deficit, a score of 1 (failure to extend left forepaw fully) a mild focal neurologic deficit, a score of 2 (circling to the left) a moderate focal neurologic deficit, and a score of 3 (falling to the left) a severe focal deficit; rats with a score of 4 did not walk spontaneously and had a depressed level of consciousness.
All surviving rats were killed 72 hours after the onset of occlusion, and the brains were removed and inspected to determine the position of the ICA suture. In 14 rats selected arbitrarily from Groups 1, 2, and 3, an India ink solution was injected into the ascending aorta before sacrifice to verify obstruction of anterograde blood flow to the territory of the MCA; the same technique was used to verify reperfusion of the MCA after reversal of the occlusion in six rats from Group 4. The absence or presence of staining of the MCA and its branches was considered proof of MCA occlusion or reperfusion. Some of the brains from the rats in the preliminary studies were sectioned coronally, incubated for 60 minutes in a 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37° C for vital staining,
-
19 photographed, and fixed by immersion in 10% formalin solution. The remaining brains were placed in 10% formalin solution for later sectioning.
In Groups A-E, the brains were fixed by intracardiac perfusion of heparinized 0.9% saline followed by 10% formalin in a 0.1 M phosphate buffer (pH 7.4), removed, and stored in fixative. Blocks containing tissue from the anterior to the posterior edges of the corpus callosum were embedded in paraffin, cut into 6-/xm sections, and stained with hematoxylin and eosin. Sections of interest were selected at 1-mm intervals and evaluated microscopically for ischemic tissue damage. Areas of neuronal injury or infarction were plotted on tracings from projections of the coronal sections. The area of neuronal injury or tissue necrosis was divided by the total area of the whole-brain coronal section as assessed by polar planimetry to obtain the percent infarcted area in each section. Average infarcted areas for each rat were calculated using three sections from each brain. This analysis showed no significant difference in mean infarct areas between Groups B, C, and D. Infarcted areas taken from a single section of each brain at the level of the rostral edge of the optic chiasm were then used to calculate the mean and standard deviations for each group. Nonparametric analysis (Kruskal-Wallis test) was used to determine significant differences in infarct size between groups.
Results
Cardiorespiratory function remained stable in all rats in the preliminary experiments. There was no significant alteration in Pc^ (90-120 torr), Pco 2 (28-45 torr), arterial pH (7.30-7.35), or systolic blood pressure (90-113 torr) during anesthesia; the average values were similar in all groups. The hemoglobin concentrations were 11-15 g% and varied little within or between groups.
EEG monitoring in the six rats in Group 5 showed a consistent bilateral decrease in amplitude after 2-hour temporary right MCA occlusion. After occlusion, the mean±SD EEG amplitude had declined to 25.4±28.5% and 69.2±16.0% of the baseline values in the ischemic and nonischemic hemispheres, respectively. After 2 hours of reperfusion, the mean±SD EEG amplitudes were 36.4±25.9% of baseline in the ischemic hemisphere and 58.8± 16.3% in the nonischemic hemisphere. Thus, EEG amplitude did not recover significantly after reperfusion. In one rat, EEG amplitude decreased in the ischemic hemisphere but was unchanged in the nonischemic hemisphere throughout occlusion and reperfusion. Rats in Groups 1 and 2 had mild neurologic deficits at 12 hours after the onset of occlusion that resolved completely by 72 hours. In Group 3, moderate focal deficits (average score 2.3) were observed after full recovery from anesthesia (12 hours after the onset of occlusion); these deficits persisted at 24 hours, but score decreased to an average of 1.3 at 36 hours and remained stable until sacrifice at 72 hours after the onset of occlusion. The rats in Group 4 had no residual deficits.
The neurologic deficit scores for 15 rats in Groups B, C, and D are presented in Table 2 . The average score 2 hours after the onset of permanent MCA occlusion (Group B) was 1.6, which decreased to 0.7 at 72 hours. There were no significant differences in neurologic deficit scores in Groups B, C, and D. No deficits were observed in Group A.
The procedures were fatal in five of 60 rats (8.3%) in the preliminary studies. Two of the 36 rats that underwent MCA occlusion in Groups 1-4 died of intracranial hemorrhage after the intraluminal suture perforated the ICA. The three other deaths (one in Groups 1-4) were from pulmonary insufficiency caused by an anesthetic overdose or airway obstruction during or after surgery.
In the confirmatory studies, there were no deaths in Group A. One of eight rats in Group B, one of six rats in Group C, and five of 10 rats in Group D died, all of neurologic deterioration. In Group E, three of five rats died before recovering from anesthesia.
In all but one rat in Groups 1-4, the suture had passed the ICA bifurcation and entered the AC A (Figure 1, right; Table 3 ). In 14 rats from Groups 1-3, obstruction of blood flow in the right ICA-MCA territory was verified by the absence of India ink staining. In the rats from Group 2, vessels in the territory of the left MCA were stained, presumably by collateral blood flow through the posterior circulation, even though no filling of the left ICA was observed. In six rats from Group 4, restoration of blood flow after withdrawal of the suture after 4 hours of ischemia was verified by India ink staining of the ICA and the MCA on the right side.
The results of vessel inspection and TTC staining in the 33 rats in Groups 1-4 that survived until sacrifice are also presented in Table 3 . Sections through the ICAs and the ACAs at the level of the optic chiasm showed no evidence of thrombus or vessel wall damage in Group 4 after temporary MCA occlusion. No evidence of infarction was found in Groups 6, 7, or 8. The infarcts were well demarcated in Groups 1, 2, and 3, although the location was predominantly subcortical and the area was smaller in Groups 1 and 2. In Group 3, six of 10 rats had infarcts in the frontoparietal cortex and the subcortical basal ganglia in the distribution of the right MCA.
The confirmatory studies showed that the neuropathologic changes 72 hours after the onset of occlusion were more extensive in rats that underwent permanent occlusion than in those that underwent temporary occlusion (Table 2) . Permanent MCA occlusion produced neuronal injury in 37.6±5.5% of the coronal section area, or nearly 75% of the hemispheric area (Figure 2) . In Groups C and D, the mean±SD infarct sizes were 21.9± 14.5% and 25.7± 13.4%, respectively (p<0.05). Infarction in all three groups involved both cortical and subcortical regions (Figures 2 and 3) . No neuronal injury was seen in Group A. Histologic sections suitable for analysis showed an infarct involving almost the entire right hemisphere in one of the two surviving rats in Group E.
Discussion
Cerebral ischemia restricted to the distribution of the MCA in rats has been achieved previously only by intracranial exposure and transection of that vessel.
l2 With our method, a relatively simple extracranial microsurgical dissection of the ECA and the ICA and their branches near the base of the skull is performed to interrupt extracranial sources of collateral blood flow. Then, because rats do not have a rete mirabile, the lumen of the ICA and major potential sources of retrograde intracranial collateral blood flow can be blocked by cannulation with a blunted nylon suture introduced extracranially; MCA blood flow can be restored by withdrawing the suture. The neurologic deficit and the location and extent of infarction may have been less severe and less consistent in preliminary studies because older, larger rats with larger collateral blood vessels were used and because the diameter and length of the sutures inserted varied. In the confirmatory studies, the average infarct sizes in Groups B, C, and D (21.9-37.6% of coronal section area) verify that occlusion of the MCA by insertion of a 4-0 suture 17 mm beyond the CCA bifurcation reliably produces regional infarcts in 300-400-g rats under halothane anesthesia.
BVO followed immediately by occlusion of the right MCA (Group E) produced the most extensive ischemic insult but resulted in substantial blood and weight loss and a mortality rate of 60%. The addition of BVO presumably increased the severity of the ischemic injury by further reducing collateral blood flow from the posterior communicating artery and from transcortical connections between distal branches of the PCA and the MCA. Because occlusion of the left ICA and right MCA did not result in higher neurologic deficit scores or more extensive infarcts than BVO and MCA occlusion in our preliminary studies, we assume that transcortical and parenchymal collateral blood flow from the ipsilateral posterior circulation is more efficient than that from the contralateral carotid circulation. When the origin of the MCA was blocked with a 4-0 suture (Groups B, C, and D), retrograde blood flow from the PCA and the ACA was obstructed, interrupting collateral blood flow from these vessels and producing infarcts in both the basal ganglia and the cortex. We assume that use of a larger diameter (4-0) suture with a larger rounded tip inserted 17 mm (rather than 13-16 mm) beyond the CCA bifurcation in the confirmatory studies (Group B) in smaller rats more effectively blocked blood flow into the MCA than was the case in the preliminary studies (Group 1), in which BVO was required to produce consistent neurologic deficit, and infarct size (Group 3) after MCA occlusion was smaller and more limited in distribution.
In general, the anatomic distribution of the ACA, PCA, and MCA in rats is analogous to that in humans. 20 Although in rats the PCA arises directly from the proximal intracranial portion of the ICA, the posterior communicating artery connects the terminal cerebellar branch of the basilar artery with the PCA. The blood supply of the rat thalamus and basal ganglia is also similar to that in humans: contributions arise from the MCA, PCA, and recurrent branches of the ACA that parallel the olfactory tract. 21 The intraluminal suture obstructs blood flow to the basal ganglia from all but the recurrent branches of the ACA, which remain open to collateral perfusion from the left ACA and the left extracranial branches of the pterygopalatine artery that perforate the skull base. Thus, predominantly the middle and posterior portions of the caudoputamen region, including the internal capsule and the anterior thalamus, are rendered ischemic.
Only two of 71 rats subjected to MCA occlusion with this technique died of intracranial hemorrhage. Both of these hemorrhages occurred during the preliminary experiments; no such complications occurred after the surgical techniques were standardized. The India ink and histologic studies confirmed the restoration of patency of the ICA and MCA, but the possible occurrence of distal embolization or microcirculatory thrombosis cannot be eliminated on the basis of our limited histologic studies.
The failure of reperfusion to reduce neurologic deficits and improve the EEG in Groups C and D and the 50% mortality rate in Group D suggest that irreversible ischemic damage that was aggravated by reperfusion had already occurred. However, since infarcts were smaller after temporary than after permanent MCA occlusion, reperfusion may have had some benefit. The stability of arterial blood pressure and blood gases in the preliminary studies indicates that our method of extracranial cerebrovascular occlusion reliably produced regional ischemia without inducing hypotension or hypoxia. The bilateral EEG changes may have been caused by diaschisis after MCA occlusion.
Our preparation more closely models cerebrovascular occlusive disease than the method described by Bannister and Chapman, 14 in which hemispheric blood flow in rats is reduced by bilateral carotid artery ligation and creation of a unilateral arteriovenous fistula from the distal carotid stump to the jugular vein. Although ischemia can be reversed by occluding the fistula and removing the opposite carotid clip, bilateral hemispheric ischemia does occur, and the mortality rate was 90% when ischemia was reversed after 4 hours. Our results were comparable to those obtained by Koizumi et al with a similar intraluminal suture technique.
Our model should prove useful for studying both permanent and temporary regional experimental cerebral ischemia to simulate cerebrovascular occlusive disease in humans 22 and for evaluating the eflFects of reperfusion and other physiological manipulations or treatments.
